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1. Introduction
PCR is widely used in either diagnostic or molecular anal-
ysis of DNA and RNA. However, amplification of templates 
with a high-GC content using PCR is usually difficult com-
pared to non-GC-rich targets (McDowell et al., 1998). Although 
only a small percentage (~3%) of the human DNA is GC-rich, 
important regulatory domains including promoters, enhanc-
ers, and control elements consist of GC-rich cis-elements (Wil-
son et al., 1997). Most housekeeping genes, tumor-suppressor 
genes, and approximately 40% of tissue-specific genes con-
tain high-GC sequences in their promoter region, making their 
DNA less amenable to amplification.
To overcome the problems associated with the amplifica-
tion of GC-rich genes (and/or using GC-rich primers), sev-
eral approaches have been developed. Organic molecules 
such as dimethyl sulfoxide (DMSO), glycerol, polyethylene 
glycol, formamide, betaine, 7-deaza-dGTP, and dUTP have 
been included in the reaction mixture and have been shown 
to improve the amplification of GC-rich DNA sequences (Bas-
karan et al., 1996; Chakrabarti and Schutt, 2001; Henke et al., 
1997; Kang et al., 2005; Musso et al., 2006; Mutter and Boyn-
ton, 1995; Pomp and Medrano, 1991; Sidhu et al., 1996; Sun et 
al., 1993; Turner and Jenkins, 1995; Weissensteiner and Lanch-
bury, 1996). Recently, a combination of either two (betaine 
and DMSO) or three additives (betaine, DMSO, and 7-deaza-
dGTP) has been found to enhance amplification of long PCR 
products (Kang et al., 2005; Musso et al., 2006). These addi-
tives resolve the complex secondary structure formation at 
GC-rich regions (Henke et al., 1997; Musso et al., 2006; Ralser et 
al., 2006). It has been suggested that betaine affects the exten-
sion reaction either by binding to AT pairs in the major groove 
(Rees et al., 1993) or by increasing the hydration of GC pairs by 
binding within the minor groove and thus destabilizing GC-
rich DNA (Mytelka and Chamberlin, 1996). It was shown that 
template denaturation with NaOH, hot start PCR, stepdown 
PCR, and primer modification can also improve PCR ampli-
fication of highly GC-rich regions of DNA (Agarwal and Perl, 
1993; Sahdev et al., 2007). These efforts to amplify GC-rich re-
gions are useful in some but not all cases and highlight the 
need to move from an empirical to a more fundamental ap-
proach to the problem.
This study was motivated by difficulties in amplifying a 
660 bp fragment of the human ARX gene from genomic DNA 
using conventional PCR protocols, with certain additives. It 
was decided to develop a theoretical model of the annealing 
step, in the hope that the model may provide some guidance. 
The theory, included in this study, is based on competitive 
binding of primers at incorrect sites. Ideally designed primers 
bind uniquely at the correct binding site. In practice, misprim-
ing occurs and three contributing events are considered. First, 
primers may anneal at incorrect sites, the probability of such 
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an occurrence depends on the difference between the melting 
rates of primers at correct vs. incorrect sites. Secondly, poly-
merase molecules may bind to annealed primers, including 
ones at incorrect sites, to further stabilize the complexes. Fi-
nally, the complexes begin to elongate, albeit at reduced rates 
(at the annealing temperature), and further stabilize the ds-
DNA. Therefore the formation of primer/template/poly-
merase complexes at incorrect sites must be minimized. The 
model results provided a possible solution—the use of shorter 
annealing times should minimize incorrect product yield.
It is well known that GC content influences both optimal 
annealing temperatures and primer specificity, and that an-
nealing occurs quickly: “It is critical that the primers anneal 
stably to the template… For primers with high-GC content, 
higher annealing temperatures may be necessary… [T]he time 
for this step is based mainly on the time it takes to reach the 
proper temperature, because the primers are in such excess 
that the annealing reaction occurs very quickly” (Kramer and 
Coen, 2001). However, the terms of this general knowledge 
have not yet been defined theoretically. The theory developed 
here shows, and experimental results confirm, that shorter an-
nealing times are not only sufficient but also necessary for ef-
ficient PCR amplification when GC-rich templates or primers 
are being used. The implementation of the theoretical solution 
and the experimental results are reported in this study.
2. Materials and Methods
2.1. Instrumentation
PCR was carried out in a PCRJet® thermocycler (Megabase Re-
search Products, Lincoln, NE). With the PCRJet® thermocycler, 
there is a ~1 s delay for heat to conduct through the entire PCR 
sample (unpublished results). Thus, actual hold times can be 
up to 1 s less than the programmed hold times in the thermo-
cycler. For example, with the PCRJet® set at 3 s annealing time, 
the outer regions of the PCR sample will anneal for 3 s while 
the inner PCR sample will anneal for ~2 s. All hold times re-
ported in this work are the programmed hold times.
2.2. PCR Amplification of GC-Rich ARX and Normal GC β-Glo-
bin (HBB)
All PCR amplifications were performed with KOD Hot-Start 
polymerase (Novagen, Madison, WI). PCR was carried out 
in 25 μl reaction volumes containing 100 ng genomic DNA 
(Roche) templates, 200 μM of each dNTP, 4 mM MgSO4, 
400 μg/ml non-acetylated BSA, 0.75 μM of each primer for 
ARX, 0.25 μM of each primer for HBB, 0.5 units KOD Hot-Start 
polymerase and 1× manufacturer’s buffer (Novagen, Madison, 
WI) in presence (ARX) or absence (HBB) of 11% DMSO (v/v). 
The sequences of both forward and reverse primers, size of the 
amplified gene product, and the GC content of the gene prod-
ucts amplified in this paper are listed in Table 1. The primers 
were designed based on the genomic sequence deposited in 
GenBank under accession number of NC_000023.
The PCR conditions were: 30 s hot start at 94 °C followed 
by 35 or 38 cycles of 94 °C for 2 s, 56–64 °C for 3–20 s, and 
72 °C for 4 s, and final extension at 72 °C for 30 s.
Remark: The KOD Hot-Start polymerase has an average ex-
tension rate of near 200 nucleotides per second (Griep et al., 
2006b) and the 4 s extension time is more than sufficient to 
complete extension, as confirmed by experiments (results not 
shown).
3. Results and Discussion
3.1. Amplification of ARX Gene
Human genomic DNA was used as initial template for the am-
plification of a 660 bp ARX gene fragment with a GC content of 
78.72%. The theoretical model provided guidelines for anneal-
ing conditions. PCR reactions were optimized for two parame-
ters: (1) the annealing times were varied in the range of 1–20 s 
at constant temperature and (2) the annealing temperatures 
were varied whilst the annealing time remained constant.
In Figure 1A–C gel electrophoresis results of ARX amplifi-
cation are shown for varying annealing times at constant tem-
peratures (58, 60, and 62 °C, respectively). The following ob-
servations are made. Qualitatively, the outcomes at each of the 
temperatures are similar; at longer annealing times increasing 
smear occurs. Quantitatively, at an annealing temperature of 
58 °C (Figure 1A), the initial appearance of a smear, albeit it 
faint, occurs at annealing times as short at 5 s. This observa-
tion should be compared to the results at an annealing temper-
ature of 60 °C (Figure 1B) and 62 °C (Figure 1C), where the ap-
pearance of a distinguishable smear only starts at tA = 6 and 
9 s, respectively. Also note that at 60 °C, the yield increases 
between tA = 3 and 4 s. At higher annealing temperatures (cf. 
Figure 1C), one notes the formation of fewer incorrect prod-
ucts (compare tA = 9 s at all three temperatures).
Figure 1D shows the results for amplification of the ARX 
gene at a constant annealing time of 3 s and varying annealing 
temperatures between 56 and 64 °C. A unique, specific band 
with the expected size of 660 bp, confirmed by DNA sequenc-
ing, is present at 60 °C annealing temperature and 3 s anneal-
ing time. At temperatures below 60 °C the gel products con-
tain smears—typical of competitive binding. At temperatures 
above 60 °C the yield of the 660 bp product decreases.
3.2. Amplification of β-Globin Gene
Figure 2 shows PCR amplification results of a 52.99% GC, 
536 bp, fragment of the human β-globin gene. Compared to 
the ARX amplification results (Figure 1A–C), one notes the 
similar trend of increased smear with longer annealing times. 
The β-globin gene, however, appears less sensitive to anneal-
ing times—even at tA = 20 s the background smear is much 
less prominent than the cases shown in Figure 1. These obser-
vations are consistent with the theoretical predictions for low-
competitive binding (cf. Figure 3A in Section 4.2 below).
Table 1. Forward and reverse primer specifications for human genes.
Gene      Size (bp)             GC content (%)               forward primer                                                             reverse primer
ARX 660  78.72 5-CCAAGGCGTCGAAGTCTG-3  5-TCATCTTCTTCGTCCTCCAG-3
HBB 536  52.99 5-GCTCACTCAGTGTGGCAAAG-3 5-GGTTGGCCAATCTACTCCCAGG-3
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Figure 2. Gel electrophoresis of PCR product of β-globin gene. Lanes 
marked ‘L’ are 100 bp QuickLoad DNA ladder. Other lane labels indi-
cate varying annealing times at annealing temperature of 57 °C.
Figure 1. Gel electrophoresis results of the PCR amplification of the ARX gene. (A)–(C) Varying annealing times at a constant annealing tempera-
tures of 58, 60, and 62 °C, respectively. (D) Varying annealing temperatures at constant annealing time of 3 s. DNA markers shown in L lanes are 
QuickLoad 100 bp DNA ladders (Ipswich, MA).
Figure 3. The efficiency η(tA, TA) as a function of annealing tempera-
ture and time for (A) a case of low competition and (B) the ARX gene 
(high competition). The primer and polymerase binding rates are 
p = 72 s−1, and s = 2.4 s−1, respectively. Color bars indicate values of 
annealing efficiency, η.
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4. Mathematical Model of Annealing
At the onset of the annealing stage in PCR, the target DNA mol-
ecules are separated into 3′-5′ and 5′-3′ single strands. Com-
plementary forward and reverse primers are designed to bind 
uniquely to the respective single strands. The efficiency of an-
nealing, and hence the overall PCR process, is compromised 
by competitive annealing events. Annealing is a dynamic pro-
cess; primers bind and melt, but the average time a template 
site is annealed to a primer depends on the stability of the 
primer/template bond at the annealing temperature. Ideally the 
primer/template bonds at the target sites are very stable and 
all other binding sites are very unstable. GC-rich regions in ei-
ther the primers and/or the DNA template increase the stability 
of undesirable binding sites; therefore, non-ideal primer/tem-
plate bonds play a greater role in GC-rich PCR. If a primer is an-
nealed to the template, DNA polymerase may bind to its 3′ end 
to form a ternary complex and further stabilize the complex.
4.1. Formulating the Model
Let the fraction of templates which have primers annealed at 
the ith binding site be denoted by Xi. Also define XPi as the frac-
tion of the templates that have formed a ternary complex with 
the primer and DNA polymerase. Assuming excess primer and 
polymerase, the balancing equations for Xi and XPi are
(1)
(2)
The rate of primer annealing is p and the rate constant of melt-
ing at the ith binding site is mi. The ternary complex forms at 
a rate sXi. The ternary complex is stable at the annealing con-
ditions; in other words, the reaction is assumed to be irrevers-
ible. The solution of Eqs. (1) and (2) is trivial, noting that the 
initial conditions are Xi(0) = XPi(0) = 0:
(3)
where
Note: The rate constants n1i, n2i depend on annealing tempera-
ture (TA) (see discussion on melting rates in Section 4.1.3).
4.1.1. Annealing Efficiency
Let i = 1 be the location of the intended primer binding site. If 
no competitive binding occurs, then the efficiency of anneal-
ing equals the fraction of templates which are annealed after 
an annealing period tA:
(4)
At constant annealing temperature, the yield increases mono-
tonically with time (i.e. dη/dt > 0). The belief that longer an-
nealing times are better is widely held, regardless of compe-
tition from other possible annealing sites. However, it is only 
true if no competition is present. If there are k possible anneal-
ing sites where the primers may bind, with i = 2, 3, …, k repre-
senting undesired competitive sites, then the efficiency of an-
nealing is given by the following expression that is also our 
main theoretical result:
(5)
Thus the efficiency η is defined as the probability that the ter-
nary complex has formed at the correct site and not at any 
competitive site. As in any serial process, the overall PCR ef-
ficiency is the product of the efficiency of each step. Hence the 
overall PCR efficiency is directly proportional to η. The an-
nealing efficiency η is itself affected by many factors, and an-
nealing temperatures and times are only two of them. For the 
definition of η (Equation (5)), it is tacitly assumed that the 
polymerase cannot process beyond ternary complexes that 
have formed downstream at competitive sites i > 1.
4.1.2. Arrival Rates
In order to calculate the rate constants n1i and n2i, the primer 
arrival and melting rates, and polymerase arrival rate must 
be known. The primers (and polymerase) diffuse in the bulk 
medium towards the templates, and the average arrival time 
at the binding sites depends on a measure of the size (λ) of a 
primer (polymerase) and the bulk diffusion coefficient:
                                                                       (6)
If there are R primers in the solution, then w=R/N is the prob-
ability that a primer arrives at a binding site in time interval τ. 
The primer arrival frequency (rate constant) is
                                                                       (7)
Similar arguments are used to estimate the polymerase bind-
ing rate constant:
(8)
A 20 bp primer has an estimated diffusion coefficient of 
D ≈ 10−10 m2/s (Tirado et al., 1984; Lukacs et al., 2000). The poly-
merase diffusion coefficient is calculated from the Stokes–Ein-
stein equation (Krouglova et al., 2004) as D ≈ 4 × 10−11 m2/s.
If the amount of primer in a 25 μl reaction volume is 10 pi-
comoles, and the characteristic length of the primer is taken 
as λ = 5 × 10−10, then τ ≈ 4.17 × 10−10 s, N ≈ 2 × 1020, and w ≈ 3 × 
10−8. The arrival rate is estimated to be
(9)
In this study 0.5 EU of KOD polymerase has been used per ex-
periment. The supplier of KOD (Novagen, Madison, WI) uses 
the following definition: “1 EU is the amount of enzyme that 
catalytically inserts 10 nanomoles of dNTPs in 30 min”. The 
amount of polymerase is calculated as 0.5 EU ≡ 3.5 × 10−14 mo
l. The activity of Taq pol. has been used (Innis et al., 1988; Gel-
fand and White, 1990) although higher rates have been ob-
served for KOD (Griep et al., 2006a; Griep et al., 2006b). The 
diffusion coefficient and characteristic length are calculated as 
D = 4 × 10−11 m2/s and λ = 1.2 × 10−8 m. Based on these values, 
the arrival rate of the polymerase is
(10)
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4.1.3. Melting Rates
The melting rate of a primer-template complex depends on 
its excess free energy (ΔGT) at a specific temperature T. San-
taLucia and Hicks (2004) provide a comprehensive review of 
thermodynamic variables for nearest neighbors of base pairs. 
The nearest-neighbor method is used to calculate the melt-
ing probability θi of a primer at a specific template site as a 
function of temperature. The melting rates mi follow from the 
relationship:
(11)
4.2. Application of the Model
Equation (5) describes the efficiency of annealing when there 
are k − 1 competitive primer binding sites on the template. For 
the sake of simplicity, one might write Equation (5) for k = 2, 
representing a single competitive site:
(12)
In Figure 3A efficiency of annealing, η(tA, TA), is plotted as 
a function of annealing time and annealing temperature, for 
the case where competitive binding is low. This situation is ex-
pected to represent templates with average GC content (< 50–
60%). High efficiency exists over a wide range of annealing 
times and the efficiency is not adversely affected by the longer 
annealing times of typical PCR protocols, i.e. annealing times 
between 10 and 30 s.
In comparison, Figure 3B shows the efficiency of annealing, 
η(tA, TA), for the case where competitive binding is high. The fig-
ure represents the annealing efficiency profile for the ARX gene, 
with consideration of competition (defined by Equation (12)). 
The most important difference between Figure 3A and B is the 
appearance of a ridge of optimal temperature–time values, and 
a prominent local optimum—the optimum annealing times lie in 
a narrow region between 3 and 6 s at temperatures below 60 °C. 
Low-annealing efficiencies exist on both sides of the optimum. 
At tA  toptimum the time is insufficient to form ternary com-
plexes at the correct site. Neither the desired nor the undesired 
competitive PCR products are produced. At tA  toptimum the ef-
ficiency is low because incorrect competitive binding (misprim-
ing) becomes significant; the result is a smear of PCR products.
4.3. Connecting the Experimental Results with the Theoretical 
Model
In Figure 4A–C the efficiency of annealing η (zoomed in from 
Figure 3B) is plotted as a function of annealing temperature 
and annealing time. Figure 4A–C correspond to the experimen-
tal results of Figure 1A–C. In each figure the loci at constant 
temperature (58, 60 and 62 °C) extends over ten seconds and 
traces the changes in efficiency of annealing (which is propor-
tional to yield) as a function of annealing time. Three points are 
marked on each loci: point 1 shows lower efficiency than the op-
timum since insufficient time has passed to form any significant 
amount of the polymerase-stabilized complex at the correct site, 
point 2 lies at or near the optimum; sufficient time has passed 
to form ternary complexes at the correct site, but no significant 
amount of complexes have yet formed at the competitive sites, 
point 3 shows the reduction in efficiency due to too long anneal-
ing period—more competitive product has now formed.
Consider Figure 1 and Figure 4. The theory predicts a nar-
row optimal hold time of about 3 s for annealing at 58 °C 
(point 2 in Figure 4A). This is consistent with the experimental 
results showing optimal results at 4 s and an increasing smear 
from as low as 5 s annealing, with a considerable drop in effi-
ciency by 9 s (Figure 1A). Next, consider Figure 1 and Figure 
4. The theory predicts an optimal tA of about 4 s for annealing 
at 60 °C (point 2 in Figure 4B) that corresponds well with the 
experimental results. Although not shown, experimental re-
sults at an annealing time of 1 s did not show any significant 
product—consistent with the theory, as indicated by point 1 
in Figure 4B. Finally, consider Figure 1 and Figure 4. At 62 °C 
Figure 4. The efficiency of annealing η is shown as a function of annealing time and annealing temperature. Loci at constant time and constant 
temperature are shown in bold on the surface. (A) Loci at 3 s and 58 °C, (B) loci at 4 s and 60 °C, and (C) loci at 5 s and 62 °C. See text for discus-
sion. Color scales correspond to color bars in Figure 3A and B.
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annealing temperature, an optimal annealing time of 5 s is pre-
dicted (point 2 in Figure 4C), but the surface in the proximity 
of the optimum is flatter compared to the topography near the 
optima in the case of the lower annealing temperatures. The 
near-similar results at 4, 5 and 6 s annealing times in Figure 1C 
are consistent with the model predictions.
If tA is prolonged beyond the optimum time, a decrease in ef-
ficiency occurs, as is evident from the increasing smear (Figure 
1A–C). The decrease in efficiency beyond the optimal anneal-
ing times is less pronounced at higher temperatures (compare 
the slopes of the loci between points 2 and 3 in Figure 4A–C)—
the experimental findings support this. The experimental re-
sults at 62 °C show a less intense smear at 9 s compared to the 
same annealing time at 58 °C (Figure 1A and C). The gel results 
at 62 °C for annealing times of 9 s and longer for 62 °C maintain 
a distinct band pattern, despite the increase in the background 
smear. However, no distinguishable bands are present at the 
lower annealing temperatures (Figure 1A and B). These results 
are consistent with the theory that the number of viable alter-
native primer binding sites becomes fewer at higher annealing 
temperatures. However, if the annealing times are extended be-
yond 20 s at 62 °C, one expects that smears will develop similar 
to those seen for 58 and 60 °C.
Juxtapose the experimental results of Figure 1D with the the-
oretical results (the constant time locus) in Figure 4A. This locus 
traces the effect of different annealing temperatures on the effi-
ciency—the annealing time is constant at tA = 3 s. Theory predicts 
an optimum annealing temperature of around 59 °C for 3 s an-
nealing times. Points which lie before the optimum, mark lower 
temperatures than 59 °C and correspond to the lanes marked 
‘56’ and ‘58’ in Figure 1D. These two lanes exhibit smears that 
are typical of competitive product formation. At temperatures 
above the optimum, a sharp reduction in efficiency is predicted 
by the model, and that is consistent with experimental results in 
the lanes marked ‘62’ and ‘64’ in Figure 1D.
In conclusion, refer to Figure 3A, which is representative 
of minimal competition for binding. Note that the region near 
optimality is more flat compared to Figure 3B. In other words, 
the system is much less sensitive to annealing time if compet-
itive binding is absent or minimal. The gel results in Figure 2 
confirm that, for normal GC templates with minimal compet-
itive primer binding sites, tA can be varied over a broad range 
without too much variation in yield.
5. Conclusions
The most important conclusions that can de drawn from the 
study are:
1. The theoretical model predicts that, in the absence of com-
petitive binding the efficiency of annealing (definition—
Equation (5)) is a monotone function of annealing time. 
Thus the theory suggests that, in the complete absence of 
competitive binding, prolonged annealing improves yield.
2. In the case of low-competitive binding (as is typical of genes 
with average GC content), theory predicts a very broad 
optimum in annealing times (Figure 3A). This relative in-
sensitivity to annealing times is experimentally confirmed 
(Figure 2).
3. If there is strong competition to bind primers at alternative 
sites on the template (as is often the case for GC-rich tem-
plates), then the annealing time has a local optimum. The 
annealing time must be sufficiently long to form the ter-
nary complexes at the correct template site, but too long 
annealing time creates the opportunity for ternary com-
plexes to form at incorrect binding sites.
4. The model as applied to the ARX gene is consistent with the 
experimental results (cf. Figure 1 and Figure 4).
5. Although it is a well-documented fact that the use of DMSO 
improves the PCR yield, its role in the context of competi-
tive binding is worth mentioning again. DMSO ameliorates 
the inhibitive effect of competitive binding on the yield 
function by increasing the melting rates at those sites.
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